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The spin structure of the matrix element for the reactions 'y + N ^ Yc + D* , where Fc = A^(2285), 
Sc(2455) are charmed baryons with spin 1/2, and _D*(2010) is the vector charmed meson, can be 
parametrized, in coUinear regime, in terms of three independent scalar amplitudes, which are func- 
tions of the photon energy E-y, only. In framework of an effective Lagrangian approach generalized 
to charm photoproduction, we calculate the energy dependence of the differential cross section, the 
density matrix element of D , pn, the asymmetry A^ in the collision of circularly polarized photons 
with polarized nucleons, and the polarization of the produced Yc-hyperon, Pz, in the collision of cir- 
cularly polarized photons with unpolarized target. All these polarization observables either vanish 
or are large, in absolute value, with a smooth i5T,-dependence, and differ for and Ec -production. 
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I. INTRODUCTION 



' In a previous paper [l| we analyzed the exclusive processes of charm pseudoscalar meson photoproduction, 7 + 
N^Yc + D,Yc = A+, or Ec. We consider here the exclusive processes of charmed vector meson D* photoproduction, 
^-H 'Y + N^Yc + D , on proton and neutron targets. No detailed theoretical analysis exists for such processes, and up to 
. now, experimentally, only an indirect evaluation of their cross section has been done. In Bj an attempt has been done 

■ to estimate the contribution of the processes ^ + N Yc + D{D ) to the asymmetry of the collisions of a circularly 

■ polarized photon beam with a polarized target in 7 -I- TV ^ 9P^^ charm +X. It is well known, that such asymmetry is 
' sensitive to the AG gluon contribution to the nucleon spin In ^] the D-exchange contribution has been calculated 

for 7 + ^ Vc + -D , in the near threshold region, considering the possible baryon exchange as a background process. 
I ' Let us list some arguments to justify the interest in exclusive charmed vector meson photoproduction: 

O . • their contribution to the total cross section is important, especially in the near-threshold region; 



the understanding of the reaction mechanisms require the deconvolution of these channels; 



- 1 — I I 

, • these reactions naturally explain the particle-antiparticle asymmetry in charmed particles photoproduction, at 

' high energies; 



• the polarization phenomena induced by the production of vector meson are new, interesting and measurable (the 
D*-meson is a self analyzing particle, through the angular dependence of the decay products in D* — > Z) -|- tt, 
but this decay does not allow to access the vector Z3*-meson polarization); 

• direct experimental data, concerning these reactions, are expected soon, due to the higher luminosity of ongoing 
experiments, as COMPASS |5||. 

There are essential differences beween the processes of exclusive photoproduction of light vector mesons (p, u, 
(j) or K*) and heavy Z3*-production. In the last case, the diffractive mechanism is absent and the large mass of 
the c-quark seems to justify the applicability of perturbative QCD. However there is no direct relation between the 
photon-gluon fusion subprocess, j + G c + c and the exclusive D* -photoproduction. Therefore, QCD-inspired 
models, like the effective Lagrangian approach (ELA), in terms of hadronic degrees of freedom, as charmed baryons 
and mesons, seem more appropriate. In such approach, it is possible to predict the differential cross section and all 
polarization observables in terms of a finite number of coupling constants, of strong and electromagnetic nature - in 
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any kinematical condition. The same coupling constants enter also in the calculation of other processes of associative 
charm production in nN , and A^iV-collisons. 

There are experimental data about inclusive D* photoproduction, 7 + p ^ D* + X ot + N ^ + D* + X 
up to HERA energies The smallest energy, where Z?*-photoproduction has been observed is = 20 GeV, at 
SLAG Typically, _D*-production is the main channel for 7 + — + charm +X [& ,7. 8, 9. lQ„ <lTlll^ . so that the 
ratio between the vector (V) and the total D* contribution to the total cross section is in agreement with the spin 
quark rule V/{P + V) ^ 0.75, where P is the pseudoscalar contribution. The relative role of the charged and neutral 
_D-meson photoproduction depends, on one side, on the relative cross sections for the D*^ and D*^ photoproduction, 
and, from another side, on the branching ratio for the decays D* D + ir (for different charge combinations). 

We consider here the exclusive processes 7+A'^ —>■ Y^+D , in case of collinear kinematics, where helicity conservation 
and the P-invariance of electromagnetic interaction allow three amplitudes, only, which are functions of a single 
kinematical variable, the photon energy Ej. Note, in this respect, that generally the processes j + N Yc + D are 
characterized by a set of twelve independent amplitudes, which are complex functions of two kinematical variables. 
Therefore the theoretical analysis is largely simplified in collinear kinematics. 

This paper is organized as follows. In Section II the spin structure of the collinear matrix element is parametrized 
in terms of three amplitudes, which allows to develop a general and model independent formalism for the analysis of 
polarization phenomena. The expressions for the different possible pole contributions, in framework of ELA approach, 
are derived in Section III. The strong and electromagnetic coupling constants as well as the form factors are discussed in 
Section IV. Numerical predictions for the differential cross section, the single and double-spin polarization observables, 
as functions of E^, are given in Section V. Concluding remarks are given in Section VI. The Appendix contains the 
explicit expressions of the collinear amplitudes. 



II. COLLINEAR AMPLITUDES AND POLARIZATION PHENOMENA 

We consider here the processes j + N ^ Yc + D , Yc — A+, or Ec, D " or Z) , in collinear regime, i.e. for 
6 = or TT, where is the D -production angle in the reaction CMS. The reasons of this choice are the following: 

• the differential cross section, da/dt, as a rule, is maximal in the forward direction it is the momentum transfer 
squared); 

• the total helicity of the interacting particles is conserved, for any reaction mechanisms, which implies that the 
spin structure of the matrix element and the polarization phenomena are highly simplified. 

At high photon energies, collinear kinematics is very near to the condition of forward detection of the running 
experiments, such as COMPASS 5|. 

Taking into account the P-invariance of the electromagnetic interaction of charmed particles and the helicity con- 
servation, one can write the following general parametrization of the matrix element for any process 7 + A^ — > Yc + -D , 
in collinear kinematics (which holds for any reaction mechanism) : 

M{-iN Yj3*) = xl k- U*fi +ia-kexk- U* f2 + m-exkU* ■ fc/sj xi, (1) 

with the following notations: 

• Xl and X2 are the two-component spinors of the initial nucleon and the produced l^c-hyperon, 

• e'and U are the three vector of the photon and of the D -meson polarizations, with the condition e ■ fc = 0, 

• fc is the unit vector along the three-momentum of 7; 

• /,;, 1=1-3, are the collinear amplitudes, which are generally complex functions of a single variable, E^. 
Using this parametrization, one can find for the differential cross section: 

da 



dt=^ 



|/lP + |/2p + 4l/3P 



(2) 



where A/" is a normalization factor, Ey {my) is the energy (mass) of the produced vector meson: 



E, = ' + s = W' = m' + 2mE,, (3) 
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where m (M) is the nuclcon (yc-hypcron) mass, is the photon energy in the laboratory (Lab) system. 

The £'*-mesons, produced in coUinear kinematics, are generaUy polarized, (with tensor polarization) even in colli- 
sions of unpolarized particles: 

vp,, = \iii±ii^, V = + + 4i/3r (4) 

with the normalization condition: 2pii + poo = 1- The non-diagonal elements for pai, are equal to zero, in coUinear 
regime. 

All the other single-spin polarization observables, such as the S^-asymmetry (with linearly polarized photons 
interacting with unpolarized target), the analyzing power A (induced by polarized nucleon target) and the final Y^- 
polarization (in the collision of unpolarized particles), vanish for the considered reactions, for any photon energy 
and for any reaction mechanism, due to the axial symmetry of collinear kinematics. However an interesting set of 
double-spin polarization observables can be measured, for the reactions ^ + N ^Yc + D : 

• the asymmetry in the collision of circularly polarized photon beam, with a polarized nucleon target, in 
the fc-direction, which we choose as the 2:-direction, 

A,P = -2i?e/i/*-|/3p||. (5) 

Due to the P-invariancc of the electromagnetic interaction, the asymmetry for a linearly polarized photon beam 
vanish, even in collisions with polarized target. In the same way, the linear photon polarization can not induce 
any polarization of the emitted Fc-hyperon (for simplicity, we will assume here 100% photon polarization, with 
helicity A-y = -|-1). 

• In the collision of circularly polarized photons with unpolarized target, the Vc-hyperon can be longitudinally 
polarized, and the polarization is: 

P,V = -2Rehf^ + \f3\''^. (6) 

• The nonzero components of the depolarization tensor, Dab, describing the dependence of the 6-component 
of the y^'Polarization on the a-component of the target polarization can be written as: 



El 
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D,,V = + \M' - l/sl^-l, D,,V = DyyV = l/il^ - 1/21^. (7) 

One can see that these observables are not independent, and the following relations hold, at any photon energy and 
for any reaction mechanism: 

D,, = -1 + 4pii, A,-P, = -2 + 4pn. (8) 
These formulas show which experiments are necessary to determine the moduli of the collinear amplitudes, |/j|: 

1/1 P = {pii + Id,.)V, 

I/2I' = {pn-\D,,)V, (9) 

= (i-2pii):P. 

Therefore, the measurements of pn and D^^, together with the differential cross section da/dt can be considered as 
the first stc;p of the complete experiment for any collinear reaction of vector meson photoproduction on nucleon, such 
as, for example: 

j + N ^ N + V, V = p,uj,(f), 

j + N^Y + K*, y = A or S - hyperon (10) 
j + N ^Ye + D*. 
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Further experiments are necessary to determine the relative phases of the colhnear amphtudes fi. For example, the 
relation: 

{P, + A,)V ^ -ARefj; (11) 

allows to determine the relative phase, 6i — S2, of the amplitudes /i and /2, more exactly, cos((5i — ^2)- T-odd 
polarization observables are more sensitive to the small relative phase, being determined by sin(5i — 62)- The simplest 
of these observables, in collinear regime, is the tensor Z)*-polarization, induced by polarized target. The corresponding 
density matrix can be parametrized as follows: 

PabiP) = ipi^abcPc + ip2eabckck ■ P + P3[ka{k X P)fc + k^ik X P)J, (12) 

where pi, i — 1 — 3, are real coefficients, quadratic functions of the collinear amplitudes and P is the pseudovector of 
the target polarization: 

piV = Re /1/3, 

P2V = Re (-/i/* - hi; + /2/3*), (13) 
P3V= Im {h-f2)fl 

Note, in this connection, that the antisymmetrical part of Pab{P), which is characterized by the coefficients pi and 
P2, describes £'*-production with vector polarization. But this polarization can not be measured through the main 
decays of Z?*: D* D + tt, D* ^ D + j, and D* — > D + e^ + e" ^Sjj. The coefficient pa characterizes the dependence 
of the Z)*-tensor polarization on the target polarization, generating the following angular distribution for the decay 
products in D* —> D + it: 

W(6i,(^) ~ sin 26* sin 0, (14) 

where 9 and (j) are the polar and azimuthal angles of the 7r-meson (in I?*-rest frame) relative to the polarization plane, 

which is defined by k and P. 

Linear photon polarization can also induce polarized I?*-mesons, with the following non zero elements of density 
matrix: 

P^n^T^ = ^(l/iP + l/2n, 

p^iii-D = ^(i/ip-i/2n, (15) 

This represents the complete analysis of all possible double-spin polarization observables, for the reactions 7 + — > 
Yr + D , in collinear kinematics. 



III. THE MATRIX ELEMENTS 

In a previous work P|, we considered the processes of photoproduction of pseudoscalar D-mesons, in 7+ Y+D. 
In this section we analyze the processes 7+A^ Yc+D , following a similar scheme. These two classes of reactions have 
common properties with the reactions of associative strange particles production, j+N Y+K and j+N — > Y+K*, 
where Y = A and S, strange hyperons, even if the masses of the produced particles are very different. All these 
processes have a non diffractive nature - due to the quantum numbers in t— channel, different from the vacuum. 
It is often assumed that open charm photoproduction occurs through the mechanism of the photon-gluon fusion, 
7 + 6* c + c even in near threshold region as the applicability of QCD for the considered processes may be 
justified by the large c-quark mass (mc ~1.5 GeV). But, if the elementary process j + G — > c + c can be reliably 
calculated the application to the exclusive processes ^ + N ^ Yc + D{D ) is not straightforward. 

The process 7 + TV Yc + D{D ) at large photon energy and at small momentum transfer (i.e. for forward 
production), can be analzed as the photoproduction of pseudoscalar (vector) light mesons (tt, K) in similar kinematical 
conditions. In other words the exclusive processes can be described in terms of non-perturbative models, like any 
binary processes at large values of the total energy s and of small momentum t, such as Regge-pole description. So, 
the large mass of c-quarks results in a higher threshold but does not necessarily implies a reaction mechanism of 
QCD-nature. In this framework, the mechanism based on the elementary subprocess 7 + G ^ c + c can be viewed 



5 



r(k) D-(q) r(k) D- T 




FIG. 1: The pole mechanisms for 7 + TV Yc + -D*. 



as D-meson exchange in f-channel, for the process j + N ^ Y^. + D (Fig. ^). Two other baryon exchanges, the s- 
and u-contributions, Figs^ and^, have to be taken into account to insure the gauge invariance of the total matrix 
element: the conservation of electromagnetic current is a very important property of any photoproduction process. 
The matrix element corresponding to these diagrams can be written as follows: 

M = MtiD) + Mt{D*) + Ms + Mu- (16) 

where the indices t, s or u indicate the contributions of the corresponding channels. 
The exchange by pseudoscalar mesons is described by the following matrix element: 

Mt{D) ^ie . 9NY;D^(P-^h5u{pi)ef,^af3e^k^U*qp, (17) 

where Hi{D*Dj) is the transition magnetic moment describing the electromagnetic decay D* — > Z? + 7, gj^yl) 
coupling constant for the vertex N ^ Yc + D, ea{Ua) is the four vector of the photon (Z?*-meson) polarization, 
is the mass of the pseudoscalar D-meson, t = {k — qY = {pi — ^2)^- The notation of the particle four momenta is 
indicated in Fig. 

The constant k{D* Dj) determines the width of the radiative decay D* — > Dj, through the following formula: 

TiD* ^ D7) = a.^{D*Dj)^ " 5) ' ' 

where a — e^/(47r) — 1/137. Evidently the corresponding width does not allow to find the sign of n{D*D^), which 
is important for the calculation of possible interference phenomena, for the above quoted observables. However, the 
quark model gives indications on this sign, as we will discuss later. 

The matrix element M.t{D*)^ corresponding to vector Z3*-exchange can be written as: 



Mt{D*) = ^u{p2) 

t — m~ 



7a5l + .92- 



'm + M 



u{p,)[-gc.p + ^^\jp. (19) 



Jp = -2e • qU*pe{D*) + k{D*) [epk ■ U* - Kpt ■ U*] + (...) (20) 

with the following notations: 

• e(D*) and k{D*) are the electric charge and the anomalous magnetic moment of the produced D meson, 
e(Z)*") = 0, e{D*-) = -1; 

• Q = Pi — P2 is the four momentum of the virtual £'*-meson (Fig. ^); 

• gi and 172 are the vector and tensor coupling constants for the vertex N ^ Yc + D 

The term (...) in Eq. denotes the possible contribution due to the anomalous quadrupole moment of D* , which is 
generally different from zero, even for the neutral iD*-meson - due to the charm content of this meson. For the same 
reason, k{D*'^) 0. All these electromagnetic constants are not known experimentally, therefore we will neglect in 
our calculations possible contributions from the D*-quadrupole moment. 
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The one nucleon exchange is described by the following matrix element: 

Uq 



Ms = 



r"(P2) giU + g2 



m + M 



{k+ pi + to) 



eeiN) - ^ik 



(21) 



where s = (fc+Pi)^, e{N) and k{N) are the electric charge and the anomalous magnetic moment of the target nucleon, 
e[n) — 0, e{p) — 1, K(n)=-1.91 and k{p) = 1.79. 

Finally, the matrix clement due to the exchange of yc-hyperon is: 



Mu 



u- N'P 



^ ' 2M 



{p2-k + M) {giU + g2 



Uq 



m + M 



(22) 



where u — [k —^2)^7 ^(y) and k{Y) are the electric charge and the anomalous magnetic moment of the Yc-hyperon: 
e(Y) = +1 for A+ and e(Y) = +2 for S^"*" and e{Y) = for E°. The anomalous magnetic moment k{Y) is 
experimentally unknown for any charmed hyperon. 

Let us briefly discuss the gauge invariance of the suggested model. All contributions induced by the particle magnetic 
moments, k{D*Dj), k{D*), k{N), and k(Y) are automatically gauge invariant, independently on the numerical value 
of these quantities. For the terms of the matrix element, which are induced by the electrical charges of the particles, 
the corresponding divergency of the electromagnetic current is determined by the following formula: 



AM = M{-fN Y^D*) e[e{N) - e{D*) ~ e{Y)]u{p2) { giU + <?2- 



'm + M 



u{pi) + AM', 



(23) 



AM' ^u{p2) 



M 



51- 



U -k 



52- 



(JaaUakf- 



M 



u{pi). 



(24) 



From the conservation of electric charge in the considered reactions: e(iV) = e{D ) + e(F), it follows that AA^ = 
AM' 7^ 0, i.e. this part of the matrix element violates the gauge invariance^. 

In conditions of coUinear kinematics, however, the situation with gauge invariance is essentially simplified. To show 
this, let us consider an 'improved' matrix element, made gauge invariant by the following substitution: 



M^M' =M- ^AM', 
k ■ p 



where p is a four vector, built generally as a linear combination of the particle four-momenta: 

p — ak + bpi + cq, 



(25) 



(26) 



where the coefficients a, b, and c are arbitrary functions of the Mandelstam variables s and t. With this transformation 
the resulting matrix element, M' is gauge invariant. But in coUinear kinematics e • p—0, for any choice of a, 6, and c, 
so, when e is transverse, e • k=0, we find M'^M. Therefore, all calculations using this transverse gauge condition, 
which holds in the reaction CMS, can be done on the basis of Eqs. H17|l . (|20|l . 121|) . and (|22|l . for different matrix 
elements, without violating gauge invariance. 

Note in this respect, that the contribution to the amplitudes fi which is proportional to the D* electric charge, 
e{D*) vanishes in coUinear kinematics, see Eq. (|20|) . 

The explicit expressions for the coUinear amplitudes fi, i = 1, 2, 3, corresponding to the different matrix elements, 
see Eqs. (ITTIl . (1^ . and (f^ . are given in the Appendix. In the considered model, these amphtudes are real 

functions of E-^. 



^ The gi-ccontribution to AA4' can be cancelled by the "catastrophic" diagram. The corresponding predictions 1141 for the cross sections 
of the processes 7 + Af — > Yc + D{D ), in the threshold region, are in contradiction with the experimental data Il5l . 
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IV. THE ELECTROMAGNETIC COUPLING CONSTANTS AND THE FORM FACTORS. 

We consider here the six possible binary reactions of I?*-photoproduction: 

7 + P^E++:D*°, 7 + n ^ E+ + 1?*-, (27) 
7+p^S++ + L'*-, 7 + n^Ej! + i5^ 

and calculate the i?^-dependence of the following observables: da/dt, pn, Az and Pz for each of the reactions 127|l . 

The corresponding coUinear amplitudes are linear functions of the strong coupling constants for the two vertices, 
N ^ Yc + D and N Yc + D . So, taking into account the isotopic invariance of the strong interaction, it is necessary 
to know at least six independent coupling constants: 

giT.=gi{p^tD ), giA=gi{pA+D ), 

ri2(S) ^ g2{pi:tD*")/gi{pKD*'), r^W ^ g2{pKD*')/gi{pKD*\ (28) 
r(E) = g{pi:t^)/g,{pi:tD*'), t{K) ^ g{pAt^)/ g^{pAtD*°), 

So, the two possible processes of A+-photoproduction, 7 + ^ A+ + D* , can be described by a set of three couphng 
constants: 

giA, ri2{A), and r(A) 

and the four possible reactions of Ec production, j + N ^ T,c + D* , can be described by another set of coupling 
constants: 

ffis, '^12 (S), and r(S). 

All polarization observables depend on two ratios only, ri2{Y) and r{Y) , and are independent on the electric 
charges of the initial nucleon and the produced charmed particles, due to isotopic invariance. The coupling constant 
5ia(5is) is important for the prediction of the absolute value of the differential cross section, with the following 
isotopic relations: 

gl{pAtD*")=gf{nAtD*-), 

glipEt+D*-) = .g?(nE^:D*°) = 2gl{pj:tD*') = 2glin^tD*^). (29) 

But the electromagnetic properties of the nucleon and the charm particles, which strongly depend on the electric 
charge of the particles, induce large isotopic effects, i.e. a strong dependence on the type of reaction. So, for the 
numerical estimations it is necessary to know the following magnetic moments of charmed baryons and D* D + j 
electromagnetic transitions: k{Yc), k{D*~D*~j), k{D*°D^^). 

The quark model gives prescriptions which relate the magnetic moments of the charmed hyperons to the magnetic 
moments of the charmed quarks, ^q, q — u, d, or c: 

m(A+) = ^ic, 

m(E++) = (4^^. - /ic)/3, (30) 
/Li(E+) = (2^„ + 2/irf - /ic)/3, 
MS°) = (4^^, - Mc)/3. 

The magnetic moments of point-like quarks are determined by the electric charge of the quark and its mass, so 

where is the 'constituent quark' mass. From the analysis of the nucleon and the usual hyperons magnetic moments, 
one finds |16||: 

= 1.852 fid = -0.9722 /iw, (32) 
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A+ 


0.42 


-0.58 




0.45 


-0.55 




2.33 


0.33 




-1.44 


-1.44 



TABLE I: Magnetic moments and anomalous magnetic moments {ii{Y) — ^j.{Y) 
in framework of the quark model. 



e{Y)) of charmed baryons, in units of /ijv, 



where fj,N is the nucleon magneton. Using these values, one has m,j = 338 MeV, and = 322 MeV. Therefore, 
the current value of tUc — 1.5 GeV for the charm quark results in fic = 0.42 fi^, and in the values of the magnetic 
moments and anomalous magnetic moments reported in Tabled 

For completeness, let us mention that other prescriptions exist for the calculation of k{Y): SU(4)-symmetry [T^ . 
bag models jl^, different versions of quark model 0|, dispersion sum rules 20|, etc. 

In principle, the reactions + N ^ Yc + D can be considered a possible source of information on charm hyperon 
magnetic moments. In the literature, another possibility of measuring the magnetic moment of A+, based on the 
precession in bending crystals has been discussed ^211, but this method can not be applied to the Ec-hyperons, which 
main decay, Sc — > Ac -I- tt occurs through the strong interaction. 

The quark model can also be used for the prediction of the transition magnetic moments (again in terms of quark 
magnetic moments): 



k{D*-D-^) _ 



K{D*°D-f) He + /i„ 



-0.24. 



Br{D+" D+-f) ^ (1.6 ± 0.4)%, and Vt{D*^) = (96 ± 22) keV 
Moreover, the quark model allows to fix the sign of this magnetic 



Taking the existing experimental data about D*^ 
[Tel l, one can find fr_om Eq. (HH): |k(D*"I?7)| ~ 1 
moment, as k{D*^D'^) > 0. 

This allow us to fix all the necessary electromagnetic constants, i.e. the absolute values of the magnetic moments 
and their signs. The signs, in particular, are very important in the analysis of the isotopic effects for these reactions, 
which are large, in the present model, near threshold, due to the strong interference of the different contributions. 

Finally, to fix the strong coupling constants, we use, as in Ref. 0, the existing information on the correspond- 
ing coupling constants for strange particles, which can be determined from the analysis of the data on photo and 
electroproduction of A and S-hyperons on protons. We will take the following values ^22] : 



gi{NAK*) = 
gi{NJ:"K*) = 



-23.0, ri2(A) = 2.5, 
-25.0, ri2(I]) = -1.0, 
10.6, 5^siv/47r = 1.6, 



(33) 



with gKAN < and gKY,N > in agreement with SU(3) constrains. The same holds also for _fi'*-coupling constants. 
Using SU(4) symmetry, i.e. the substitution s c, one can find from (|33|l the necessary coupling constants, for charm 
particles. 

The last problem of the model to be discussed is the parametrization of the phenomenological form factors, which 
are important ingredients of ELA approaches and are usually introduced for the pole contributions [2^ 01 • At each 
vertex, for D and I?* -exchanges, one can parametrize the form factor as: 



A2 



A2 - f 



Fi^2it = ml) = 1, 



(34) 



where the index 1(2) corresponds to the electromagnetic (strong) vertex and A1.2 is the corresponding cut-off param- 
eter. The baryon contributions, Eqs. (|21|l and H22() . have to be modified by the following form factors: 



Fjv(s) 



A4, + (s-m2)2' 



Fy{u) = 



Af. 



Af, + (u-m2)2' 



for s-channel. 



for u-channel. 



(35) 



where An and Ay are the corresponding cut-off parameters, generally different from A1.2. 
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Let us note that the introduction of these form factors violates the gauge invariance of that part of the matrix 
element, Ai, which is determined by the electric charges of the participating hadrons. Again let us mention here, 
that in case of collinear kinematics, the nonconserving contributions cancel for the transverse gauge of the photon 
polarization, as one can see from the substitution (|25|l . 

It follows, that in collinear regime, we can take the parametrizations (|34|l and (|35|1 . with a different form factor for 
each diagram and with independent values of the cut-off parameters, without violation of the gauge invariance. 



V. DISCUSSION OF NUMERICAL PREDICTIONS 



Using the expressions for the collinear amplitudes fi, i — I — 3, (see Appendix) and the numerical values for the 
strong and electromagnetic couplings given above, we can predict the i?^-behavior of the differential cross section, 
da/dt and of some polarization observables for the collinear regime. We will consider, more exactly, only forward 
production. In this kinematics, the contributions of baryonic exchanges are negligible, rapidly decreasing with energy, 
in comparison with i-channel contributions - due, on one side, to the effect of the two form factors, F]\f{s) and Fy{u), 
and, on another side, to the relative size of the t, s, and u propagators. Therefore in the numerical estimations, the 
t-channel contribution dominates. Assuming, for simplicity, a common form factor for the D + £'*-contributions: 



corresponding to Ai = A2 = A, we take A as a free parameter, to be adjusted on the data. 
For an exponential t-dependence of the cross section, for 7 + A^ Yc + -D -processes: 



— . , e 

dt \dt J g^g 

with t^-i^ax = n^v — 2k{Ey — q) {q is the three-momentum of the produced D ), one can find for the total cross section: 

1 /da\ 



a{^N ^ Y,D*) . 

b\dtj 

Without direct experimental information about the cross section for the processes 7 + A^ Yc + D* , we take a 
conservative assumption: 

a{^N — ^ YcD*) ~ 0.1crT(7A^ ~^ open charm), 
in the interval = 100 ~ 200 GeV. For 6 ~ 5 GeV^^, according to the analysis we find that 



/ da 



- 



fear (7 A^ ^ open charm) ~ 250/xb GeV"^ (36) 



\ dt J g^g 



at Ej = 200 GeV. Then, we fix A ~ 2.5 GeV, in agreement with the value previously used for the calculation of 
associative charm production, N + N^N + Yc + D, near threshold [l^, The differential cross section, dcr/dt 
(more exactly, the reduced differential cross section, l/g\ da/dt) is shown as a function of E^, in Fig. |21 for two 

reactions, 7 + p A+ + D (solid fine) and 7 -f p — > + D*^ (dashed fine). Note that the reduced cross section 
does not depend on the constant gi, which is different for the different reactions. Therefore we report the results for 
two reactions, only. 

One can see that, in the considered model, the Ac-production has the largest reduced cross section. The fact that 
all four reactions 7 -f A^ — > Ec -I- 13 are one order of magnitude smaller, is due to the difference between the values of 
ri2{Y) for the A^ AcD and A^ Sc-D -vertices: the 'magnetic' combination gi + g2 of the corresponding coupling 
constants cancels for ri2(S) = — 1. This is also the reason of the difference of the polarization observables for Ac and 
Sc-photoproduction (Fig. Note that all polarization observables do not depend on the form factor F{t) and on 
the coupling constant gi. 

However, the absolute values of the cross section for any process -f + N ^ Yc + D , calculated with the coupling 
constants gi, Eq. (|33|l . are too large, in comparison with the expectation (|36|1 . This means that SU(4) symmetry is 
strongly violated, with respect to these constants, in agreement with a previous observation 

The density matrix element is almost independent on energy (Fig. IHt) , and pn ~ 0.5 for 7-I- A^ — > Ac-I--D , whereas 
pii < 0.2 for 7 -I- A^ ^ Ec -f D* . The maximal value of pu produces a sin^ 6'-distribution of the produced D-meson, 
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FIG. 2: Reduced differential cross section, as a function of iJ^, for 7 + p — > + D**^ (solid line), and 7 + p — > + D* 
(dashed line). 



through the decay D* D + tt {9 is the angle between the fc-direction and and the direction of the _D-meson three 
momentum in the _D*-rest system). Such ^-dependence results in a depletion of D-meson production at small angles, 
which should be observed, for example, in the COMPASS experiment. 

The large (in magnitude) and negative values of the asymmetry , for 7 + ^ A+ + D , are near the limiting 
value Az = -1; more exactly, > 0.8, for E-y < 100 GeV. 

If one considers this reaction as a background for the PGF mechanism, one can estimate the effect of this result 
on the extraction of AG. The PGF asymmetry, Apcp, is predicted by perturbative QCD, on the basis of the hard 
subprocess 7 + G— >c-|-c Q, and can be related to the gluon contribution to the nuclcon spin. The contribution of 
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FIG. 3: Different polarization observables: asymmetry Az (top), polarization Pz (center) and pii (bottom), for the six 

considered reactions as a function of E^: 7 + p — > A+ + D* (solid line), 7 + p — > + D* (dashed line), 7 +p Ej+ + D*~ 
(dotted line), 7 + n ^ A+ + D*" (dash-dotted line), 7 + n ^ S+ + D*" (thick solid line), 7 + n ^ E" + Wo (thick dashed. 



the exclusive process ^ + N —*Yc + D* to the asymmetry, can be parametrized as follows: 

A{jN charm + X) = ^-^-^ , (37) 

where R = a{'yN —^ YcD*)/a{'yN charm + X), neglecting, for simplicity, other sources of background due to 
additional channels of charm particle photoproduction. In case of ii -C 1, we can write: 

A{^N ^ charm + X) = Apgf + AA, AA = R[A^{-fN ^ YcD*) - Apqf] (38) 
One can see, that in case of opposite signs of the two asymmetries, the 'dilution factor', 1/(1 -|-i?) and the background 



12 



A^-contribution, due to the channel j + N ^ Yc + D , act coherently in increasing the correction AA (in absolute 
value). For example, if i? ~ 0.1, Apqf — 0.3 and Az{'jN YcD*) ~ —1, one can find AA ~ —0.13, which represents 
a correction 5A/Apgf — 43%. This is a large correction, even for a relatively small contribution of the considered 
exclusive channel to the total cross section. 

The energy behavior of the coUinear amplitudes, /i, /2 and f^E^/m^,^ for the different channels — > Y^D , 
is shown in Fig. 0] taking into account the form factors for the s + u + t-contributions. Due to the fact that the 
baryonic contributions arc small, the relative values of these amplitudes are independent on the form factor. The 
specific factor, £'„/m„, which has been introduced for the amplitude /s, results from the relativistic description of 
the Z3*-meson polarization properties. The coUincar amplitude /a describes the Z?*-production with longitudinal 

polarization, U ■ k =/= 0, and the z-component of such polarization has to be equal to Ey/rriy, due to the orthogonality 
condition, U ■ q=0. 

Note that the different contributions, taken into account in the present model, have very simple and transparent 
polarization properties, especially in coUinear kinematics. For example, the pseudoscalar D-exchange, which induces 
a single coUinear amplitude, /2, results in the following values of the polarization observables: 

pn = 1/2, A, = = 0, D,, = 1, D,, = Dyy = 0. (39) 

These numbers reflect the fact that a zero-spin exchange does not transfer any information on the polarization from 
the electromagnetic to the strong vertex. The _D*-vector exchange, which is characterized by a nonzero anomalous 
magnetic moment k{D*), results in /2 = 0. This means that the D D*-interference vanishes for da/dt and pn. Note 
that Az = —Pz for D*-exchange only, independently on the photon energy E^. Therefore, the inequality Az+Pz 7^ 
characterizes the size of the _D Z?*-interference, being sensitive to the sign of the ratio r{Y). 

The iV— exchange in s— channel gives /i — /2, which results in Az — —1, independently on the reaction channel, 
photon energy and numerical values of the coupling constants. This result follows from the helicity properties of 
s-channel, where the spin 1/2 in the intermediate state forbids the helicity transition ±3/2 — > ±3/2, which is char- 
acterized by the combination of coUinear amplitudes /i — /2. But pn and Pz can take any value in the allowed 
limits: 

0<pii<l/2, 0<|P,| <1. 

Finally, for the u-channel contribution (with /i = — /2), the discussed polarization observables can take any value, 
but Pz = —1, for all reactions and at any photon energy. 

Polarization phenomena depend strongly on the relative role of these contributions and may show large sensitivity 
to the value of the strong and electromagnetic coupling constants. 

VI. CONCLUSIONS 

We considered the exclusive photoproduction of charmed vector mesons, j + N ^ Yc + D* , in coUinear kinematics, 
where the differential cross section is large and the spin structure of the matrix element is essentially simplified. We 
analyzed firstly the single and double-spin polarization phenomena, in a general form, in terms of three independent 
coUinear amplitudes. The energy dependence of these amplitudes has been predicted - for the six possible processes, 
in a QCD-inspired model, which is the basis of an effective Lagrangian approach. The strong coupling constants for 
the vertices N ^Y(, + D and N ^Yc + D can be related through SU(4) symmetry with the corresponding coupling 
constants for strange particles, i.e. for the vertices N Y + K and N Y + K*, Y ~ A or S-hyperon, which are 
known from the analysis of experimental data concerning photo-and electroproduction of strange particles. 

The electromagnetic characteristics of charmed particles, such as the magnetic moments of the charmed Kc-hyperons 
and the transition magnetic moments for the decays D* D + "/ have been estimated in framework of the quark 
model. 

As the baryonic exchanges (by N in s-channel and Yc in u-channel) are negligible in the considered model, the 
polarization observables are quite insensitive to this form factor, and to the vector coupling constant gi{NYcD ) as 
well. Therefore this model gives robust predictions for the polarization effects. The large and negative values of the 
asymmetry Az (for the collision of a circularly polarized photon beam with a longitudinally polarized nucleon target) 
for A+-production on proton and neutron targets, (which is a factor ten larger in comparison of Sc-production), can 
be source of large systematic error in the extraction of AG from 'j + N ^ charm+X, even in case of a relatively small 
cross section of the considered exclusive reactions. 

A reasonable value for the cross section of the considered processes can be obtained only for a smaller value of the 
couphng constants gi{NYcD*), in comparison with SU(4) predictions. 
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FIG. 4: CoUinear amplitudes /i (solid line), /2 (dashed line), and fsEv/rUv (dotted line), as functions oiE-^ for 7+p — » Aj+£)*° 
(a) and 7 + p ^ E++ + D*' (b). 
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VIII. APPENDIX 



Here we give the expressions for the scalar amplitudes /i, i= 1 — 3: 

fi = kt{D)+kt{D*)+ks + fi, 



where the indices s, u, and t correspond to s, u, and t channel contributions. 
• t-channel (Z)-contribution) : 



/i,t(D) = /3.,(C) = 0, 



2m 



W + m 



• f-channel (Z)*-contribution): 

k(D*) f m — M ri2 



m + M 



k{D*)WRd 



HAD*) 

f2,t{D*) = 0, 

f3,t{D*) = -'^^{l + ri2)RD[W-m + {W + m)Q].^ 



(l + ri2)(l + Q)-ri2 



W + m' 
M + m 



with Rd = 



• s-channel: 



mliW — m) ' 



W + m 

e{N) ri2 



2m 



+ 



W + mm + M 
k{N) ri2 
2m m + M 



2m \ W — m 

[{W - m) - Q{W + m)] 

2m 



{W -m)[l 



W + m 



Q{W + m) 



W + m \ Qo 



+ 



k{N) 
2m 

e{N) 



Q + 1- 



2m 



W-m 



+ 



1+1- 



2m 



W + m 



Q 



ri2 



,1- — ]\{W -m)+Q{W + m) 
W + mm + M\ go/ > ^\ > 



+ 



k{N) ri2 



2m m + M 

W-m- Q{W + m) ( 1 - 



{W + m)Q -{W -M){l 



2m 



W + m 



2m 



W + m 



• u-channel : 



— f2,u — Ru^ 



e{Y) + 



«(r) 



2M 



, , m] ri2 , 

M-(g + ^2)^]+e(y)^(,o-.)^ + 



M{m + M) 



{qo + q) 



m qo-q 

-q- E2+ m— — 

W \qo + q 



fs,u — 



'W\ qoj 2m 



-(g + ^2) 1 



30 



^ I 1 



+e{Y) 



ri2 



m + M qo 
K(yri2) 



M{m + M) 



{q + qo) 



M-iq + E2)^^'' 



W \qo + q 



'l^-(M + iq + E2)^"' 



W \qo + q 



q_ 
qo. 
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with i?„ = (1 + Q)^^^-^ Q = 



2w 



-, and qo^W -E2 
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